We study the generation of microwave electronic signals by pumping a (311) GaAs Schottky diode with compressive and shear acoustic phonons, generated by the femtosecond optical excitation of an Al film transducer and mode conversion at the Al-GaAs interface. They propagate through the substrate and arrive at the Schottky device on the opposite surface, where they induce a microwave electronic signal. The arrival time, the amplitude, and the polarity of the signals depend on the phonon mode. A theoretical analysis is made of the polarity of the experimental signals. This analysis includes the piezoelectric and deformation potential mechanisms of electron-phonon interaction in a Schottky contact and shows that the piezoelectric mechanism is dominant for both transverse and longitudinal modes with frequencies below 250 and 70 GHz, respectively.
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I. INTRODUCTION
The transduction of radio-frequency electrical signals to acoustic waves and back again is a technique that is widely exploited in communication technology: for example, in surface and bulk acoustic-wave filters, resonators, and delay lines. Such devices exploit the piezoelectric (PE) transformation of the lattice strain to the polarization P and back. In addition to these established applications, the PE effect has been utilized in the emerging research fields of nanotechnology, e.g., fabrication of nanogenerators [1] manipulations by strain of charge and spin transport at the surface of semiconductors [2] , and control of electromechanical properties of nanolayers including graphene [3] , all of which could also lead to the future development of alternative radio-frequency technologies.
Present acoustoelectric devices operate at frequencies up to a few gigahertz. There is a considerable research effort currently aimed at developing devices and systems for the full utilization for communications, imaging, and spectroscopy of the terahertz and subterahertz part of the electromagnetic spectrum (ranging from approximately 100 GHz to a few terahertz). Acoustoelectric devices for this part of the spectrum could be based on PE nanodevices having picosecond response times.
In recent decades, a number of experiments with coherent acoustic phonons have been performed in PE semiconductors and related nanolayers [4] [5] [6] [7] [8] [9] [10] [11] . All of these works use femtosecond optical excitation to modulate the polarization in a PE sample by the generation of photocarriers, resulting in instantaneous stress. This stress generates terahertz coherent phonons (high-frequency acoustic waves), which, due to the PE field, modulate the optical properties in the same or a neighboring nanolayer for detecting the coherent phonons with the probe optical pulse. Importantly, the PE field enables the generation and detection of elastic shear perturbations which accompany transverse acoustic (TA) phonons [6] [7] [8] [9] [10] [11] . The other electron-phonon interaction mechanism, the deformation potential (DP), does not couple electrons in an isotropic conduction band with shear perturbations. The theory of the generation and detection processes resulting from the PE effect has been reported in several publications [7, 12] . In previous experiments with coherent phonons, the PE field in the sample has been measured indirectly by monitoring the optical properties. In this case, the PE effect is often masked or hidden by the DP mechanism [5] , which produces an efficient optical response due to the modulation of the band-gap value [13] .
It is appealing, therefore, to have an ultrafast broadband PE nanotransducer based on the PE effect, where high-frequency oscillating strain, which accompanies coherent phonons, is directly transformed to an electrical signal providing efficient response to both compressive and shear strain components. Such a device would also be a proof of principle for acoustoelectric devices operating at higher frequencies than previously achieved. Accomplishment of this challenging task is the goal of this work, which makes it fundamentally different from earlier works [14] , where devices based on the DP mechanism of phonon-electric transformation have low efficiency and are insensitive to the TA phonons.
In this paper, we show that a Schottky contact fabricated on a low-symmetry surface of a semiconductor material which does not possess a center of inversion symmetry serves as an efficient PE transducer for both compressive and shear perturbations associated with coherent quasilongitudinal (QLA) and quasitransverse (QTA) phonons, respectively. Previously, PE transformation using Schottky contacts has been used in nanogenerators, but at low kilohertz frequencies [15] . In this work, we show that the PE transformation from QLA and QTA coherent phonons to an electrical signal in a Schottky diode works at microwave (gigahertz) frequencies, and the method is theoretically predicted to work up to subterahertz frequencies.
II. EXPERIMENT AND RESULTS
The experimental arrangement is shown in Fig. 1(a) . A 1.5-μm-thick n-GaAs layer, doped with Si to a density of n D ¼ 1 × 10 17 cm −3 , is grown by molecular beam epitaxy on a ð311ÞB surface of a semi-insulating GaAs substrate with the thickness d ¼ 0.38 mm. In addition, a 150-nmthick Au Schottky contact is deposited. The structure is processed into 100-μm-diameter and 0.8-μm-tall vertical device mesas, and a GeAuNiAu Ohmic contact is made to the n-GaAs layer [see the inset in Fig. 1(a) ]. The sample is mounted on a holder incorporating a 50-Ω microstrip line conductor and a microwave coaxial launcher for connection to the wide-bandwidth cryostat wiring. The main panel in Fig. 1(a) shows the Schottky diode's current-voltage (I-V) characteristics at a temperature of 5 K. The device turns on at a forward bias of 0.7 Vand a reverse breakdown occurs at about −5 V.
The experiments are carried out in an optical cryostat at temperatures T between 5 and 300 K. A 100-nm-thick Al film deposited on the opposite side of the substrate to the Schottky device is excited by pulses from an amplified Ti: sapphire laser: pulse length, 80 fs; wavelength, 800 nm; and repetition rate, 5 kHz. The laser is focused to a spot with a 50 μm diameter, and the intensity on the Al film does not exceed 10 mJ cm −2 . The optical excitation generated a compressive strain pulse in the Al film [16] . The injection of this strain pulse into the (311) GaAs substrate results in the generation of two coherent acoustic phonon wave packets propagating in the GaAs [17] : quasilongitudinal (QLA) with the displacement vector close to the normal ½311, and quasitransverse (QTA) with the displacement vector close to ½233. The third polarization, which corresponds to the pure TA mode, is not excited in this scheme. The wave vectors for QLA and QTA phonons, q QLA and q QTA , respectively, parallel to ½311. However, owing to elastic anisotropy, their group velocities, v e QLA ¼ ðu 0 ; 0; [19] . To describe quantitatively the evolution of the strain components of the pulses, it is convenient to introduce the shape functions η i ðt − z=v i Þ, with index i marking the pulse polarization according to u are shown in Figs. 1(d) and 1(e), respectively [17] . These waveforms do not include the nonlinear acoustic properties of GaAs.
After the propagation through the GaAs substrate in the time Δt i ¼ d=v i , the coherent phonons induce an electrical response δVðtÞ in the Schottky contact monitored by a 12.5-GHz digitizing oscilloscope. The insets in Figs. 2(a) and in 2(b) show the temporal traces δVðtÞ measured for QLA and QTA coherent phonons, respectively. The traces include several sharp spikes. The spike at t ¼ 0 corresponds to the response from the optical-pump breakthrough and other spikes, marked by vertical arrows, are due to coherent phonon wave packets. We attribute the second spikes at t ≈ 79 ns [inset in Fig. 2 
, which may happen at the side of the GaAs substrate with the Al film and at the Schottky Au contact.
The main panels in Figs. 2(a) and 2(b) show enlarged fragments of the electrical signals for QLA and QTA phonons, respectively, measured for several bias voltages V b . The signals δVðtÞ possess oscillatory behavior. It is important that the first peak in δVðtÞ is negative for QLA and positive for QTA phonons. A detailed look at the enlarged fragments of δVðtÞ reveals that the temporal positions t m of the first-peak minimum (for QLA) or maximum (for QTA) slightly moves to earlier times with an increase of reverse bias. This finding is in agreement with the observations for Schottky devices on highsymmetry GaAs surfaces [14] . This shift has a value of approximately 10 ps, which is at the limit of our temporal resolution.
Figures 3(a) and 3(b) show the signals δVðtÞ for various optical-excitation densities W of the Al film. The first peak for QLA phonons in VðtÞ moves to earlier times with the increase of W. Such behavior was observed in earlier works performed with picosecond acoustic techniques and is due to nonlinear acoustic properties of the GaAs substrate [20, 21] . Here, for W ¼ 6.4 mJ cm −2 , the temporal shift relative to small W is equal to approximately 100 ps, which is similar to the experiments when LA phonons propagate in a high-symmetry [100] direction in GaAs. In contrast to QLA, the arrival time for QTA phonons does not depend on W, which means that elastic nonlinear effects for QTA phonons are not so important [22] . of T. This approximately 1% change is in agreement with earlier measurements [23] . The amplitude of the signals does not decrease much, which is consistent with studies of the attenuation for phonons if we assume the frequencies we are sensitive to are mostly < 50 GHz [23] .
III. ANALYSIS AND DISCUSSION
The fact that both QLA and QTA phonons are detected in the experiments points to the importance of the PE effect in the transformation of strain to an electrical signal in the device. The GaAs conduction band is isotropic, so DP coupling to the QTA mode is expected to be very weak. The QLA mode may couple via both the DP and PE interactions. The main goal of the following analysis and discussion of the measurements is to understand the mechanisms of the electrical response of the Schottky contact to the incident coherent phonons. The currents induced by strain components u zz and u xz are the displacement currents which appear due to electron screening of the potential perturbation induced by dynamical strain [14] . This perturbation can be due to either DP or PE polarization. In our case, the characteristic frequency of coherent phonons is much less than the inverse dielectric relaxation time but much higher than ðRCÞ −1 (R and C are the resistance and the capacitance of the diode) and then the induced voltage changes δV on the Schottky contact may be expressed as [18] 
where V PE ðzÞ and V DP ðzÞ are the strain-induced changes in the potential at a coordinate z due to PE and DP polarizations, respectively; z 0 and z d are the coordinates of the semiconductor-metal interface and the edge of the depletion layer in the semiconductor, respectively; and ϵ s;m are the lattice permittivities of the semiconductor and the metal. In a semiconductor, V DP is determined by the standard expression for electrons in the Γ valley: V DP ¼−ðE 1 =eÞ∇·u, where u is the displacement and E 1 ∼ −10 eV is the DP constant of GaAs [24] . For V PE , we use the Poisson equation ∇ 2 V PE ¼ ð1=ϵ s ϵ 0 Þ∇ · P, with the boundary condition V PE ð−∞Þ ¼ 0 and where P is PE polarization. For a DP, we get V DP ¼
−2 is the GaAs PE constant. It is important that the sign of the effective PE constant depends on the kind of (311) face at the Schottky contact [ð311ÞB or ð311ÞA]. The above expression corresponds to ð311ÞB, while the sign of e eff is reversed for ð311ÞA. Figure 5 (a) shows the calculated temporal evolutions of δVðtÞ for QLA and QTA phonons, respectively. For the DP contribution, we consider only the response corresponding to the depletion-layer edge in the semiconductor because, although the deformation constant in metals is not well known [25] , available data suggests that it is smaller (in absolute value) than that of GaAs. The contributions from PE and DP mechanisms calculated separately show the PE mechanism to be dominant in δV for both modes of phonons. This difference is much larger (approximately 20 times) for QTA phonons. The calculated response to the strain pulse extends to the 100-GHz spectral range. The temporal signal δVðtÞ shifts to earlier times, with the increase of reverse bias V B due to the increase of the depletion-layer width in the semiconductor.
A detailed comparison of the experimental and calculated temporal shapes and the amplitudes of δVðtÞ is not possible due to the high-frequency limitations of the experimental setup. The calculated signals [ Fig. 5(a) ] possess a couple of oscillations with a frequency of approximately 20 GHz, which are due to the temporal shape of the strain pulses [Figs. 1(d) and 1(e)], which cannot be resolved in our experimental setup. The ringing oscillations observed experimentally have much lower (approximately 4-GHz) frequency and are due to the parasitic capacitance (approximately 0.1 pF) and inductance (approximately 10 nH) of the sample holder and bonding wires. The details of the frequency response in the experiment also depends on the bias-dependent equivalent circuit for which parameters are not known. For instance, with an increase of reverse bias, the capacitance of the Schottky contact decreases. Evidently, this decrease leads to an increase of the amplitude of the signal with an increase of negative bias (see Fig. 2 ). To facilitate comparison of the measured and calculated signals, we apply a low-pass filter with a cutoff at 4 GHz to the calculated PE responses in Fig. 5(a) to account for the finite bandwidth of the experiment. The filtered responses are also shown in Fig. 5(b) . This filtering does not account for the parasitic ringing in the experimental results. If we focus on the first peak in filtered δVðtÞ signals in Fig. 5(b) , we find agreement with the experiment for the polarity, which is negative for QLA and positive for QTA, and for the amplitude ratio (approximately 3) for the QLA and QTA first peaks. The agreement points to the predominant role of the PE phonon-electric transformation mechanism over the DP. To confirm this conclusion, we have performed similar experiments with Schottky diodes fabricated on ð311ÞA GaAs surface and find that the polarity of the first peak in δVðtÞ reverses: it becomes positive for QLA and negative for QTA phonon-induced signals. This fact is in agreement with the theoretical predictions for the PE mechanism.
The above theoretical analysis and comparison with the experimental results shows that the PE transformation from coherent phonons to the polarization is the main mechanism in the Schottky contact fabricated at ð311ÞB and ð311ÞA GaAs surfaces. This result is contrary to the case of phonon-induced electrical signals in a Schottky diode fabricated on high-symmetry (100) crystallographic planes where δVðtÞ is governed exclusively by the DP mechanisms and insensitive to the shear strain components [14] .
The technical limitations of the experiment do not mean that Schottky diodes cannot detect signals at much higher frequencies when using specially designed microwave holders and smaller devices. Devices with Schottky contacts a few microns in size have capacitances of order 10 fF and have been shown to detect at frequencies up to at least 100 GHz [26] . The acoustic signal size in these devices is comparable to that seen in this work, showing that a decrease in device size to a few microns does not significantly impact the amplitude of the detected signal.
The dominance of the PE phonon-electric transformation mechanism over DP vanishes with the increase of characteristic phonon frequency in a similar way to the matrix elements for an electron-phonon interaction [27] . Using the explicit expressions for V DP and V PE provided above, we can determine the threshold acoustic frequency, f th , for which DP and PE mechanisms provide equal contributions to the Schottky-diode response and obtain f th ¼ ½ðe eff v i eÞ=2πϵ s ϵ 0 E 1 e i z . For QLA, f th ≈ 70 GHz, while for QTA, f th ≈ 250 GHz, which are higher values than the maximum of the spectrum for phonons generated in the 100-nm Al film, but they may be exceeded when phonons are generated in thinner absorbing layers or superlattices [4] [5] [6] [7] [8] . For higher phonon frequencies, the DP mechanism becomes dominant.
IV. CONCLUSIONS
In this work, we show experimentally that a Schottkydiode device fabricated on a low-symmetry surface of a semiconductor serves as an efficient transducer for longitudinal and transverse coherent phonons with frequencies of about 10 GHz. Comparison of the experimental results with the theory of electron-phonon interaction reveals the dominant role of piezoelectric mechanisms in phonon-electric transformations. The theoretical calculations show that the piezoelectric mechanism dominates over deformation potential up to frequencies of 70 and 250 GHz for longitudinal and transverse phonons, respectively. Although present experiments are limited by the gigahertz frequency range of the setup, Schottky devices fabricated in the form of micrometer mesas having low capacitance may be used as coherent phonon-electric transducers up to subterahertz frequencies. 
